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Hollow nanoparticlesFollowing recent experimental work revealing the structural formation of hollow Al2O3 nanoparticles, we
explored the most stable structures of several large clusters, (Al2O3)n (n = 10, 12, 16, 18, 24 and 33). Using
density functional theory, a comparative study of three hollow models was performed: fullerene-like,
bubble-like and polyhedral structures. Within the size range studied, the polyhedral structures
were found to be more stable than the fullerene-like and bubble-like structures. The binding energy
increase as the cluster size increases, implying the polyhedral hollow clusters become more stable during
the hollow Al2O3 growth process. The highest intensity IR frequency of calculated IR spectra for polyhe-
dral hollow (Al2O3)n agree well with the available bulk Al2O3 experimental results. Thus, this study may
serve as good models for predicting or interpreting the properties of hollow Al2O3 nanoparticles.
 2015 Elsevier B.V. All rights reserved.1. Introduction
Hollow nanoparticles with well-defined structures and shapes
have attracted much attention for application, for example, in
catalysis, solar cells, optical devices and photonic crystal [1,2].
Various approaches have been developed for the preparation of
hollow spheres of alumina in the past few years, including
templates and hydrothermal methods [3,4]. In particular, Li et al.
used Au@Al2O3 core–shell-isolated nanoparticles in shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) to detect
binding events [5]. Although well controlled nanostructures have
been developed for various applications, the atomic structure of
Al2O3 nanoshell is still unclear. Thus, studies are required to
understand the properties of hollow or spherical aluminum oxides
nanomaterials.
From a theoretical viewpoint, most calculations performed for
Al2O3 structures have been limited to relatively small size [6,7].
Woodley calculated the structures of (Al2O3)n with n = 1–5 using
density functional theory (DFT), where the initial structures are
located with an evolutionary algorithm [8]. Rahane et al. [9]
derived the structures of (Al2O3)n with n = 1–10 using simulated
annealing in conjunction with DFT. Li and Cheng [10] obtained
the structures of (Al2O3)n (n = 1–7) clusters via a genetic algorithm.
Moreover, fullerene-like Al2O3 clusters (which resemble bubble
cluster, Euler cluster, spheroid or hollow cluster) have beenpredicted by Karasev et al. [11] Sun et al. studied on the (Al2O3)n
(n 6 30) cage and cage-dimer clusters, and found that Al60O90 full-
erene acts as a stable shell [12]. We found that the core–shell
structure of (Al2O3)n cluster was more favorable than cage and
cage-dimer structures for intermediate sizes. However, we cannot
exclude the possibility that there exist other types of cage struc-
tures in Al2O3 nanosystem, such as zeolite frames consisting of cor-
ner-sharing Alumina tetrahedra which form a three-dimensional
network. Hamad and Catlow [13,14] reported their progress in
modeling hollow clusters of a range of key inorganic materials. A
perfect bubble structure was defined as a non-pentagonal-faced
polyhedral structure, related to the numbers of tetragonal, hexag-
onal, and octagonal faces. Thus, for the clusters of greater than
1 nm in diameter, there are various kinds of cage structure possible
for the hollow shell model.
In the present paper, the geometry, electronic structures and
stability of (Al2O3)n (n = 10–33) cage clusters with different topo-
logical types are investigated by DFT calculations. It is determined
that hollow clusters with appropriate cage motifs are most promis-
ing building unit for obtaining stable structures.2. Computational details
Calculations were performed with the B3LYP hybrid exchange
correlation functional, as implemented in the Gaussian 09 package.
The 6-31G(d) basis set was employed. For comparison, calculations
were also performed using the DMol3 code [15,16] with the
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tion with the all-electron double numerical (DND) basis sets.
Geometry optimizations were performed with no constraints of
freedom. The reported stationary points were confirmed to be local
minima by harmonic vibrational analyses at the same theoretical
level. The structure of a fully coordinated Al2O3 cluster may be rep-
resented by vertices (Al nuclei) connected with lines (oxygen
bridges). Because of the different 2D ring-structured building units,
there are three possible types of model structures (Scheme 1). In
fullerene-like case, it follows from the Euler formula n + f  e = 2
(n: number of vertices; e:edges; f:faces) that there are exactly 12
pentagons in a fullerene and n/2  10 hexagons. For the bubble
model, we also use Euler formula as discussed by Spano et al. [19]:
N6 ring ¼ n 4 2N8 ring ð1Þ
N4 ring ¼ 6þ N8 ring ð2ÞScheme 1. Three possib
Fig. 1. 3D ball-and-stick representations of the fullerene-like (Al2O3)n hollow clusters opt
are represented by the small red balls and the large grey balls, respectively. (For interpr
web version of this article.)In the case of the hollow polyhedrons, structures cut from the Al2O3
crystal were considered to be hollow shell structures with random
membered rings. These polyhedrons were defined in terms of their
k-gon numbers Nk (k 6 8). The initial hollow structures were cre-
ated on the basis of elimination method that we built different size
shape nanocluster (cubic box, sphere, tetrahedron and square pyra-
mid), then eliminated inner core to form hollow shell structure.
3. Results and discussion
3.1. Geometries of hollow (Al2O3)n (n = 10, 12, 16, 18, 24 and 33
clusters
Three types of energetically competitive structures were
obtained for hollow Al2O3 clusters with n = 10–33. The lowest-en-
ergy structures of the fullerene-like Al2O3 cage with high symme-
try are presented in Fig. 1. The fullerene-like cluster containsle model structures.
imized at the B3LYP/6-31g⁄ level of theory. The oxygen atoms and aluminum atoms
etation of the references to colour in this figure legend, the reader is referred to the
Y. Gu et al. / Computational and Theoretical Chemistry 1063 (2015) 29–34 31threefold aluminum atoms and twofold-coordinated oxygen atom.
The average bond lengths of the fullerene-like cage (Al2O3)n
decrease with 1.71–1.70 Å as n increases from 11 to 33. Our results
are consistent with those obtained in Ref. [12].
The lowest-energy bubble cage structures are shown in Fig. 2.
Similar to the case for fullerene-like clusters, these structures also
contain threefold-coordinated aluminum atoms and twofold-coor-
dinated oxygen atom. The average bond lengths are about 1.70 Å.
In contrast to the bubble and fullerene—like clusters, the hollow
polyhedral cages contain 4-membered Al2O2 and other AlO rings
with alternating Al and O atoms, as shown in Fig. 3. For n = 12,
the isomer contains 16 4-membered Al2O2 rings, as well as rings
with between 6 and 10 membered. It should be noted that the hol-
low polyhedral clusters contain threefold-, fourfold- and fivefold-
coordinated aluminum atoms, as well as twofold- and threefold-
coordinated oxygen atom. Therefore, the Al–O bond length can
vary from one ring to another. The minimum and the maximumFig. 2. 3D ball-and-stick representations of the bubble (Al2O3)n ho
Fig. 3. 3D ball-and-stick representations of the polyhedral (Al2O3)nAl–O bond lengths are 1.68 Å and 1.90 Å, respectively; the average
bond length is 1.77 Å, which is shorted than that of bulk Al2O3 crys-
tal. In bulk a-alumina, three of the Al–O distances are 1.86 Å,
whereas the other three are 1.97 Å. In all the (Al2O3)n cage clusters,
the Al–O distances are smaller than those in the bulk crystal, which
indicates that the Al–O bonding properties in the cage clusters may
be a little different from those in the bulk due to the coordination
number.
3.2. Relative stability and energies
The relative and binding energies obtained for the chosen low-
est-energy structures of different hollow (Al2O3)n (n = 10–33) mod-
els are presented in Table 1. From our B3LYP calculations, we found
that the polyhedral structural configurations are more stable than
the fullerene-like and bubble structural configurations for all hol-
low clusters sizes studied. The polyhedral structures of hollowllow clusters optimized at the B3LYP/6-31g⁄ level of theory.
hollow clusters optimized at the B3LYP/6-31g⁄ level of theory.
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erene-like and bubble structures by 0.136 au and 0.146 au, respec-
tively. When n = 33, the total energy of polyhedral structure is
lower by 1.30 and 1.33 au, respectively. To further investigate the
stability of the hollow (Al2O3)n clusters, we calculated the binding
energy per Al2O3 unit for the equilibrium configuration, which is
defined as Eb = [2nE(Al) + 3nE(O)  E(Al2nO3n)]/n, where Eb is the
total binding energy divided by n. Therefore, Eb is the averageTable 1
Predicted the relative energy (E, au) and binding energies (Eb, eV) per Al2O3 unit and HOM
DFT calculations with B3LYP, PBE density functionals.
Alumina clusters Cage type Sym. B3LYP
E
(Al2O3)n n = 10 10a Fullerene-like Ih 710
(Al2O3)n n = 10 10b Bubble D2d 710
(Al2O3)n n = 10 10c Polyhedral C1 710
(Al2O3)n n = 12 12a Fullerene-like D6d 853
(Al2O3)n n = 12 12b Bubble Oh 853
(Al2O3)n n = 12 12c Polyhedral C1 853
(Al2O3)n n = 16 16a Fullerene-like D3h 1137
(Al2O3)n n = 16 16b Bubble D4d 1137
(Al2O3)n n = 16 16c Polyhedral Ci 1137
(Al2O3)n n = 18 18a Fullerene-like D6h 1279
(Al2O3)n n = 18 18b Bubble C2v 1279
(Al2O3)n n = 18 18c Polyhedral D2d 1279
(Al2O3)n n = 24 24a Fullerene-like D6d 1706
(Al2O3)n n = 24 24b Bubble Oh 1706
(Al2O3)n n = 24 24c Polyhedral C1 1706
(Al2O3)n n = 33 33a Fullerene-like Ci 2345
(Al2O3)n n = 33 33b Bubble C1 2345
(Al2O3)n n = 33 33c Polyhedral C1 2346
Fig. 4. HOMO and LUMO of three hobinding energy per Al2O3 unit. From Table 1, the Eb values increase
monotonically as the cluster size increases for three type configu-
rations, implying that all three become more stable during the
growth process. The binding energies of the polyhedral structure
are the largest of three structures. The relative and binding ener-
gies of all hollow Al2nO3n clusters are calculated with PBE XC-func-
tionals. The energy ordering does not change when different XC-
functions are used. Rahane et al. [9] studied Al2nO3n cluster forO–LUMO Gap (Eg, eV) of optimal cage structure for Al2O3 hollow clusters obtained by
PBE
Eb Eg Eb Eg
8.8872 34.82 5.19 28.65 3.49
8.8769 34.79 5.18 28.60 3.49
9.0230 35.19 4.36 29.05 2.77
0.6863 34.87 5.28 28.71 3.58
0.6786 34.85 5.16 28.70 3.52
0.9445 35.45 3.36 29.30 2.00
4.2860 34.93 5.32 28.70 3.63
4.2784 34.92 5.32 28.67 3.65
4.7752 35.76 5.44 29.58 3.71
6.0778 34.94 5.35 28.78 3.68
6.0446 34.89 5.41 28.77 3.78
6.7135 35.90 4.21 29.71 2.66
1.4670 34.98 5.32 28.89 3.71
1.4485 34.95 5.47 28.83 3.83
2.3143 35.94 3.88 29.43 1.75
9.5533 35.01 5.31 28.92 3.42
9.5249 34.98 4.99 28.86 3.74
0.8597 36.08 3.05 29.92 1.48
llow (Al2O3)10 cluster structures.
Y. Gu et al. / Computational and Theoretical Chemistry 1063 (2015) 29–34 33n = 1–10 at the PBE level. The BE for the relaxed bulk fragment of
Al2O3 is 29.8 eV for n = 10, which is significantly higher than the
value of 0.7 eV for out lowest energy isomer of n = 10. For compar-
ison, the calculated bulk value of the cohesive energy and the
experimental value in a-alumina are 32.3 eV and 31.8 eV, respec-
tively. The tendencies are obtained as expected, since polyhedral
hollow structure has more surface atoms and less coordination
number.3.3. Electronic structure and properties
Although polyhedral structures have high thermodynamic sta-
bility, the kinetic factors should also be considered. The difference
in energy between the highest occupied (HOMO) and the lowest
unoccupied (LUMO) molecular orbitals was given in Table 1. All
the fullerene-like and bubble structure hollow Al2O3 clusters have
large HOMO–LUMO gap energies (5.31 eV for fullerene-like
(Al2O3)33 and 4.99 eV for bubble (Al2O3)33), giving them high
kinetic stability. However, the calculated HOMO–LUMO gaps vary
between 4.36 eV and 3.05 eV for polyhedral hollow cluster, which
are lower than for the other structures. To understand the electron
behavior in these configurations, we plotted the HOMO and LUMO
of hollow (Al2O3)10 cluster in Fig. 4. It is evident that the regions of
electron density of the HOMO for the fullerene-like and bubble
clusters are located on the cage surface, mainly dominated by
the oxygen 2p atomic orbitals, whereas the LUMO is mostly con-
tributed by the oxygen 3s atomic orbitals and the aluminum 2p
atomic orbitals. The HOMO of the polyhedral cluster is mainly dis-
tributed from O2p state on the surface as well as the inferior sites.
The LUMO arise from the oxygen 3s atomic orbitals and the alu-
minum 2p atomic orbitals. Next, we analyzed the charges of hollow
Al2nO3n clusters by Mulliken analysis. For all cluster sizes studied,
charge transfer occurs from the Al atom to the O atom in hollow
Al2nO3n clusters. For fullerene-like and bubble clusters, the Al atom
loses the average charge of 1.02e and the O atom gains the average
charge of 0.68e. Similar situation is observed in polyhedral struc-
tures. For polyhedral (Al2O3)33, the Al atoms lose the charge of
1.14e and the o atoms get the charge of 0.76e. This suggests that
the Al site of polyhedral structures has a stronger Lewis acidity
than that of fullerene-like and bubble structures.Fig. 5. Calculated IR vibrational spectra.
3.4. IR and Raman spectra
The infrared (IR) absorption spectra of the hollow (Al2O3)n clus-
ters were computed at the B3LYP/6-31g⁄ level (Fig. 5). Several rel-
atively strong peaks in fullerene-like (Al2O3)n cluster are 1099 (the
strongest), 443 and 269 cm1, corresponding to the existence of
Al–O stretch mode. Similar to that of fullerene-like, the calcula-
tions predicted five IR-active vibrational frequencies of bubble
(Al2O3)n cluster at 324, 386, 428, 579 (relatively weak intensity)
and 1099 cm1 (the strongest). For hollow polyhedral (Al2O3)n
cluster, each of their spectra can be roughly partitioned into two
bands (from 600 to 800 cm1, and from 800 to 1000 cm1). The
two bands are contributed by the vibrations of the Al–O stretch
mode with large absorption intensities. Among them, the strongest
absorption peaks locate at 880 cm1 as compared to the bulk IR
mode at 822 cm1 for a-alumina and 738.6 cm1 for c-alumina.
As we all know, the highest vibrational frequency is larger in clus-
ter than in the bulk because the mean Al–O bond length in clusters
is shorter than in bulk. However, this results of the highest inten-
sity IR frequency for polyhedral hollow (Al2O3)n do not agree well
with the available experimental results [20] that the highest inten-
sity absorption peaks locate at 700 cm1. It is attributed by the
synthesized thickness of Al2O3 as well as some nanopores on the
Al2O3 hollow spheres. These will be studied further in the future.4. Conclusion
Using DFT, the structures, stabilities and binding energies of
three hollow (Al2O3)n (n = 10, 12, 16, 18, 24 and 33) clusters were
studied. The calculations of total energy and binding energy
revealed that the polyhedral structures are more stable than the
fullerene-like and bubble clusters. In polyhedral structures clus-
ters, the binding energy increases as the cluster size increases.
For a given size, the HOMO–LUMO gaps of fullerene-like and bub-
ble clusters are larger than that of the polyhedral cluster. On the
basis of these results, polyhedral clusters are good models for pre-
dicting or interpreting the novel properties of hollow Al2O3 nano-
shell. We anticipate that the present DFT study will facilitate the
experimental synthesis for the nano shells.
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